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Introduction 
 
Water quality in lakes and rivers is a growing issue in Australia. Regular monitoring of 
water conditions, (for example monitoring recurring blooms of the blue-green algae 
cyanobacterium Nodularia) are an essential component in maintaining and improving 
water quality. However, monitoring of water quality using traditional in situ methods 
is time consuming and cannot be easily carried out over large areas. 
 
Remote sensing methods can in principle be used to collect information quickly and 
over large areas, and be available for immediate analysis. However, the interpretation 
of remote sensing images to provide quantitative information is a technique still in 
development. In order to validate these methods and enable accurate and quantitative 
interpretation of satellite based images, ongoing in situ and laboratory based 
measurements of the optical properties of the waters in the lakes system are required. 
 
Remote sensing information is expressed in the form of image data acquired from 
satellites. The reflectance from the water body is a function of the absorption and 
backscattering of the constituents. To determine information about the constituents an 
accurate model of their light scattering behaviour is needed. There are several models 
used to approximate the light scattering by the constituents, and one of the major inputs 
needed is the volume scattering function (VSF) which describes the angular 
distribution of light scattered by a sample. 
 
Remote sensing measurements use sunlight as the light source. As sunlight is 
unpolarised, it is important to obtain unpolarised VSFs. To date VSF measurements for 
inland waters have been very limited, and usually carried out only in a single plane of 
polarisation. The measurements taken in San Diego harbour in 1972 by T.J. Petzold [1] 
have been used as an unofficial standard ever since. 
 
This study focuses on the measurement of VSFs in both planes of polarization for 
several selected sites in the Gippsland lakes system [2]. The Gippsland Lakes [3], [4], 
located along the south eastern Victorian coast, are an excellent case study for 
quantitative interpretation of remote sensing data to determine water quality. 
 
Experimental method 
 
The theory of light scattering is standard, and will not be covered here (see eg [5, 6]). 
An existing static light scattering spectrometer (see Figure 1) has been modified to 
measure the VSFs presented below. Light from a 532nm Uniphase Model 4301 solid 
state laser passes through a polarisation rotator and into the index matching vat. 
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Samples were placed in the centre of the vat in sample cells of 2.5cm diameter. The 
scattered light is imaged by two pinholes onto a photomultiplier, situated on a stepper 
motor controlled goniometer arm, and measurements can be made in the range 5°-170°. 
The signal from the photomultiplier passes trough a pre-amplifier then into an electron 
tubes CT2 counter/timer module, and is analysed using the CT2 module’s own software 
(EM6 counter timer software). 
 
Each measurement takes 2 hours preventing measurement of all samples in two planes 
of polarisation whilst the samples were still fresh. Therefore, one bottle of each 
sample was frozen. In the case of one sample, eb (see Table 1 below) the samples 
were left in the fridge for comparison. Each sample was measured in the parallel 
polarised plane whilst fresh, then the frozen samples were thawed (in a beaker of 
warm water until completely melted), and measured in both planes of polarisation. 
They were measured in the parallel polarised plane to compare with the fresh samples. 
In most cases the frozen samples gave results comparable to the fresh samples. The 
measurements perpendicular to the plane of polarization can therefore be regarded as 
equivalent to fresh measurements. The oldest sample ms.02 had been frozen for 27 
days when thawed-out and measured. 
The Gippsland lakes water samples (see Table 1) were all collected on a field trip on 
the 8
th
 and 9
th
 of March 2004. At each location several samples were collected. 
Measurements were begun on the night of the 9
th
 and were carried out over the next 
three days whilst the samples were still fresh. The oldest sample was four days old 
when measured. 
 
Results 
 
Table 1 shows the collection information for the samples studied. The final column is 
the relative intensity at 45°, calculated relative to the eb samples. Chart 1 shows the 
unpolarised VSFs for the Gippsland samples calculated by averaging the parallel and 
perpendicular polarised results, compared to the 1972 Petzold San Diego Harbour 
water VSF, taken from [1]. In general, although they look similar, they are not 
identical within experimental errors. The presentation of the data on a log scale 
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Figure 1: Conventional light scattering spectrometer 
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(necessary to show the full angular range) hides the differences. Gippsland VSFs have 
a similar shape to the Petzold VSF in the lower end of the angular range (up to 100 
degrees); towards the higher end the Gippsland VSFs increase significantly. 
 
The  VSFs  from the gb and ms.02 samples show the most variation: at the time of 
sample collection the gb region was affected by an algal bloom (most likely 
dinoflagellate); also, due to it being so shallow there was most likely a greater 
concentration of suspended matter together causing the high scattered intensity. The 
ms.01 and ms.02 samples were collected from the top and bottom of the McLennans 
strait (which is a small strait linking Lake Wellington to Lake Victoria) respectively, 
where there is a 3ppt difference in salinity between the top and bottom, probably due 
to the more saline Lake Victoria water creating a salinity wedge into the McLennan 
Strait. 
 
SAMPLE LOCATION SALINITY (ppt) DEPTH (m) SECCHI DEPTH (m) 
RELATIVE 
INTENSITY 
pk Point King 24 7.5 4 1.05 
nlk North Lake King 24 ------- 4 1.47 
eb Eagle Bay 24 4.5 3 1.00 
lks Lake King South 24 ------- 2.5 1.94 
met Lake King near Metung ------- ------- 3.5 1.00 
wlv West Lake Victoria 21 2.7 2-2.5 2.38 
slv South Lake Victoria 21 4.5 2.5 2.25 
wp Wattle Point 21 7.2 2.5 2.26 
lw Lake Wellington 10 3.2 2.75 1.88 
gb Grebe Bay 7 2 0.5 14.08 
ms.01 McLennans Strait (top) 7 6.5 3.5 1.98 
ms.02 McLennans Strait (bottom) 10 6.5 3.5 0.46 
Table 1: Gippsland lakes water samples information 
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Chart 1: Comparison between unpolarised Gippsland VSFs and the Petzold (1972) 
San Diego Harbour VSF 
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Conclusion 
 
VSF measurements were made on several samples from Gippsland Lakes in two 
orthogonal planes of polarisation and compared. These are the first VSF 
measurements to be made of Australian inland waters. The VSFs for most lake 
samples were quite similar in shape, though differing significantly in intensity. When 
compared with the 1972 Petzold San Diego Harbour water VSF the Gippsland VSFs 
were similar in shape in the lower angular range (15 to 100 degrees) but at the higher 
angles they were significantly different. Differences would be expected since the 
Petzold VSF was taken in a different part of the world and using different in situ 
equipment whereas the Gippsland VSFs were performed in a laboratory set-up. 
 
It was found that freezing the natural water samples from the Gippsland lakes did not, 
in general, produce any change in their scattering properties. This potentially means 
that samples from all over Australia may be frozen and shipped back to our labs for 
reliable VSF estimations, though the results presented are not conclusive as to 
whether the method would be valid at any other place or time. 
 
More research is needed for the Gippsland lakes waters to obtain a consistent set of 
VSFs, together with all the relevant metadata. The results presented above should be 
considered as preliminary measurements as much of the supporting laboratory 
characterisations of the samples are still pending. Another fieldwork trip is planned to 
confirm and expand these results. Finally, the results will be incorporated into 
modelling of remote sensing measurements. 
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